Recently, combined nuclear magnetic resonance (NMR), native mass spectrometry (MS) and X-ray crystallographic studies have demonstrated that binding of histo-blood group antigens (HBGAs) to norovirus capsid protein (P-dimers) is a cooperative process involving four binding pockets. Here, we show that binding to norovirus virus-like particles (VLPs) is even more complex. We performed saturation transfer difference (STD) NMR titration experiments with two representative genotypes of norovirus VLPs using L-fucose as a minimal HBGA. Compared to titrations with P-dimers, the corresponding binding isotherms reflect at least six distinct binding events.
Introduction
Noroviruses are the predominant cause of viral gastroenteritis worldwide (Lopman et al. 2008; Glass et al. 2009; Koo et al. 2010; Ahmed et al. 2014) . As norovirus infections are extremely contagious, epidemic outbreaks are difficult to confine, causing huge economic losses in settings such as hospitals, schools and cruise ships (Lee et al. 2011; Bartsch et al. 2012) . Therefore, research into the infection process is sorely needed to enable development of vaccines or drugs that could reduce the burden of this disease. Attachment of human noroviruses to histo-blood group antigens (HBGAs) is thought to be essential for the infection (Huang et al. 2003; Lindesmith et al. 2003; Tan and Jiang 2005; Tan et al. 2009; de Rougemont et al. 2011) . There is evidence that B-cells function as host cells, yet the mechanism of how noroviruses enter these cells is still unknown (Jones et al. 2014) . Our recent studies into the interaction of genogroup II genotype 4 (GII.4) norovirus capsid protruding domain, the so-called P-dimers (Tan et al. 2004) , with HBGAs have demonstrated that binding is a cooperative multistep process, instead of simple one-site binding (Mallagaray et al. 2015) . In addition, P-dimers constituting a minimal functional model for attachment studies exhibit at least four HBGA binding pockets (Koromyslova et al. 2015; Mallagaray et al. 2015) . So far, it had been anticipated that each P-dimer provides two symmetrical binding sites for HBGAs (Rademacher et al. 2011; Shanker et al. 2011) . It may be hypothesized that the virus has developed a cooperative stepwise binding mechanism in order to fine-tune invasion of host cells. Our observations have shown that ligand binding to the first site inhibits binding to the symmetry-related equivalent second site, and the newly discovered sites three and four are occupied in the final step. As the symmetrical sites one and two are~25 Å apart this cannot be explained by direct interactions between ligands. Therefore, it is conceived that the sites are under mutual allosteric control, implying conformational changes "connecting" the sites. So far, the nature of these putative conformational changes is unknown, and current high-resolution crystallographic data cannot explain the observed cooperativity.
In fact, there are a growing number of cases where allosteric effects have been observed without any obvious conformational changes revealed by crystallography. Current efforts aim at identifying suitable experimental approaches to unravel underlying mechanisms (Cooper and Dryden 1984; Nussinov and Tsai 2015; Whittington et al. 2015; Ribeiro and Ortiz 2016) . This raises many interesting questions regarding the attachment of noroviruses to HBGAs. One of the obvious questions is whether cooperative binding is observed for complete virus particles, too.
Saturation transfer difference (STD) nuclear magnetic resonance (NMR) experiments (Mayer and Meyer 1999; Mayer and Meyer 2001) have been widely used to study ligand binding, and in particular to obtain dissociation constants from STD NMR titrations (Mayer and Meyer 2001; Benie et al. 2003; Neffe et al. 2007; Ji et al. 2009; Angulo et al. 2010) . Here, we have applied STD NMR titrations to probe HBGA binding to virus-like particles (VLPs) of human norovirus strains, GII.10 and GII.4. STD NMR experiments have been shown before to be a powerful tool to study binding of ligands to native viruses or VLPs (Benie et al. 2003; , especially since the on-resonance frequency can be placed far away from any ligand resonances minimizing the risk of direct irradiation . The high molecular weight of the VLPs in the MDa range leads to rather broad resonance lines allowing for efficient saturation even at on-resonance frequencies in the range of −4 ppm and below. In the meantime, a number of interesting applications have been published making use of these advantages (Haselhorst et al. 2008; Haselhorst et al. 2011; Rademacher et al. 2011; Fiege et al. 2012; Ng et al. 2014) .
Results and Discussion

STD NMR titrations reflect cooperativity of ligand binding
In our previous studies of HBGA binding to GII.4 norovirus Pdimers, we have shown that steps, i.e. discontinuities in STD NMR titration curves are correlated with successive, cooperatively coupled binding events (Mallagaray et al. 2015) . Saturation transfer to ligands is a bulk effect reflecting overall binding. In the simplest case of onesite binding Langmuir binding isotherms are observed. In cases where multiple, independent binding pockets are present the binding isotherms are also smooth and no discontinuities are expected. Discontinuities or steps in binding isotherms are only expected in cases where the overall binding mode suddenly changes at certain ligand concentrations. Three scenarios can be envisioned to induce sudden changes of the overall binding mode:
(1) Aggregation of the target protein at a critical ligand concentration would lead to more efficient saturation transfer and thus to suddenly increased STDs. Of course, all three mechanisms may be operative at the same time. Especially, (2) and (3) will be difficult to distinguish since, e.g. newly released binding pockets would most likely have different binding kinetics. In the case of binding of L-fucose to P-dimers studied before, we have no evidence for aggregation. Interestingly, discontinuities in STD NMR titrations and protein NMR chemical shift titrations are observed at the same level of saturation of available binding pockets strongly indicating a common origin. Based on a combination of NMR data with crystallographic data, and MS data it appears that the steps are due to an ordered, and most likely allosterically controlled suppression and subsequent release of available binding pockets with increasing ligand concentrations. This interpretation does not rule out that changes in the binding kinetics are associated with the effects observed, too. We are currently working on the assignment of protein NMR spectra of the 70 kDa Pdimer (Mallagaray et al. 2016 ) in order to identify amino acids involved in a potential allosteric network responsible for the discontinuities observed.
As described in detail below, we observe similar discontinuous binding isotherms for the binding of L-fucose to VLPs and P-dimers. During our experiments, we had no indication of aggregation of VLPs upon increasing ligand concentrations. Therefore, the steps in the titration curves must be due to cooperative ligand binding.
Binding isotherms for GII.4 and GII.10 norovirus VLPs from STD NMR titrations
In the HBGA binding study with P-dimers, it has been observed that at higher concentrations of L-fucose above 25 mM direct irradiation leads to artifacts. The affinity of L-fucose or HBGAs binding to VLPs is about one order of magnitude larger than for binding to Pdimers as independently observed by other researchers before (Han et al. 2015) . Therefore, saturation of all binding pockets is achieved at much lower ligand concentrations, and artifacts from direct irradiation are absent.
Two samples of VLPs belonging to GII were analyzed. One sample represented GII.10 (Vietnam026), whereas the second sample represented GII.4 (Ast6139) and had been already used in a previous study (Rademacher et al. 2011) . Both samples showed no obvious signs of degradation. When subjected to STD NMR experiments using methyl α-L-fucopyranoside as ligand the GII.4 sample delivered identical spectra as obtained before showing that all binding sites are still functional. Electron microscopy (EM) revealed homogeneously assembled icosahedrically shaped particles for both VLP samples. However, the GII.4 VLPs were mainly small-size VLPs and likely T = 1, whereas the GII.10 VLPs were native size and T = 3 (Supplementary data, Figure S1 , for the classification of icosahedrically shaped viruses using triangulation numbers T refer to the following references (Caspar and Klug 1962; Prasad and Schmid 2012) ).
We chose L-fucose as a ligand to interrogate the binding mode, since L-fucose constitutes the minimal binding motif for GII noroviruses. In both cases, GII.10 and GII.4 VLPs, titration with L-fucose yielded discontinuous binding isotherms (Figure 1) . Surprisingly, the titration curves reveal at least six steps in each case suggesting the presence of >4 (Koromyslova et al. 2015; Mallagaray et al. 2015) distinct HBGA binding sites, or the modulation of binding kinetics at increasing concentrations of L-fucose.
Quantification of ligand binding to norovirus VLPs
In order to quantitatively analyze the titration curves, we followed an approach described before (Mallagaray et al. 2015) . Briefly, an extended Hill equation is fitted to the experimental data delivering dissociation constants K Di for each binding step i:
with K Di being the microscopic dissociation constants for each individual binding event i, STD AF max being the maximum change of the STD amplification factor (AF), n being the number of distinct binding steps and h i being the Hill coefficient. Compared to our previous study, there is a slight modification in that the first term of Eq. (1) now also carries a Hill coefficient. This has been necessary because in the case of VLPs fitting was unsatisfactory without this modification. For P-dimers (cf. supporting material) the original equation worked fine. Visual inspection of the first parts of the binding curves for VLPs does not reveal a sigmoidal shape (cf. supporting information). Therefore, introduction of a Hill coefficient in the first term of Eq. (1) does not necessarily reflect cooperativity but may indicate difficulties in fitting simultaneously parts of the binding isotherms at high and at low ligand concentrations. In particular, discontinuities in the STD titration curves are more prominent at higher ligand concentrations reducing the influence of lower concentrations on the quality of the overall fitting process, and thus causing large χ 2 values for corresponding dissociation constants K Di and Hill coefficients h i for the ith step (Table I; Supplementary data,  Tables S4 and S5 also include the Hill coefficients for each individual step). Therefore, we also fitted Eq. (1) using only the first two terms, and only data points representing the titration curve up to the second step. Dissociation constants K D1 and K D2 were of the same order of magnitude as corresponding values obtained from global fitting. Table I summarizes dissociation constants K Di for binding of L-fucose and citrate to VLPs and P-dimers. It should be stressed that the Hill coefficients derived from our data analysis cannot be interpreted in the usual way (cf. p. 14 of the supporting information of Mallagaray et al. 2015) . The Hill coefficients obtained here only represent a measure of how "steep" a corresponding discontinuity is. It is obvious that dissociation constants K D1 -K D6 for GII.10 and GII.4 VLPs match very well suggesting comparable binding mechanisms. We also performed a titration of GII.10 Vietnam026 P-dimers with L-fucose and citrate to compare to the corresponding data for VLPs (Table I) , and to titration data for GII.4 P-dimers as published before (Mallagaray et al. 2015) . Titration of P-dimers with L-fucose can only be followed up to the second step because at higher concentrations direct irradiation of fucose resonance signals leads to artifacts. Titration with citrate, however, is unproblematic and delivers three K D values for GII.4 P-dimers (Mallagaray et al. 2015) as well as for GII.10 P-dimers (Table I) .
Ligand concentration and saturation of binding pockets
The observed discontinuities of the binding isotherms can be correlated with the degree of saturation of corresponding binding pockets. Of course, this implies knowledge of the complete set of L-fucose binding pockets on the surface of norovirus VLPs. From our previous work, it is clear that each P-dimer has at least four binding pockets. Therefore, VLPs consisting of 90 P-dimers should display at least 360 L-fucose binding pockets. According to our new STD NMR titration data, VLPs may display at least six binding pockets for L-fucose per P-dimer but as long as this is unconfirmed by other techniques such as mass spectrometry, or crystallography the presence of additional binding sites remains hypothetical. In any case, the experimental data unequivocally show that in the case of VLPs at least six distinct "binding events" can be identified. The question now arises, at which level of completion of individual binding events a next binding event is initiated. For the sake of simplicity we follow the hypothesis that each binding event corresponds to one class of binding sites. The ligand concentrations, at which a new class of binding sites is beginning to be occupied is given in Supplementary data, Table S1 . Further assuming that each class of binding sites corresponds to one site per P-dimer the concentration of binding sites corresponding to each step is 3.1 μM in the case of GII.10 and 5.5 μM in the case of GII.4 VLPs (cf. "Materials and methods" section). We have then calculated the fraction of binding sites occupied at ligand concentrations, at which a new step is observed (Supplementary data, Table S1) using the law of mass action (Supplementary data, Table S7 ). This analysis leads to an interesting result. At a saturation level of~60-70% of an individual class of binding sites a new class of binding sites is "released". More generally speaking, at 60-70% of completion of an individual binding event a subsequent binding event is initiated. As long as there is no independent experimental proof it will stay an open question, whether binding events correspond to binding sites. In any case, it is clear that cooperative binding processes must be operative in order to cause the effects observed.
Conclusions
Our results lead to three main conclusions. First, both native-and small-size norovirus VLPs exhibit similar cooperative binding characteristics. Second, the underlying mechanism may be common to GII noroviruses, since both GII.4 and GII.10 VLPs share the same binding patterns with respect to STD NMR titrations. Third, the observation of six dissociation constants indicates that binding is more complex than observed for isolated P-dimers, and possibly reflects the presence of additional fucose binding pockets in VLPs that are not present in P-dimers. These additional pockets may be located in other areas of the capsid, although direct evidence is lacking. In addition, or alternatively conformational changes induced by increasing ligand concentrations may alter binding site topologies such that the binding kinetics changes. In both cases, ligand dissociation rates will be affected causing significant changes of STD effects (Jayalakshmi and Krishna 2002) .
Our study demonstrates that binding of L-fucose to human norovirus VLPs is a complex, cooperatively controlled process. Our data suggest that each binding step is under control of a preceding binding step. Whether or not these binding events directly translate into the sequential release of binding sites, it appears likely that noroviruses take advantage of different biological environments with different local concentrations of HBGAs to fine-tune the infection of host cells.
Materials and methods
Protein expression and purification
GII.10 Vietnam026 P-dimers GII.10 Vietnam026 P domain (GenBank accession no. AF04671) (Hansman et al. 2004 ) was expressed and purified following a slight modification (Mallagaray et al. 2015 ) of a previously published protocol (Hansman et al. 2011) . Briefly, the pMalc2X modified expression vector containing the codon-optimized gene encoding for GII.10 Vietnam026 P domain was transformed into Escherichia coli BL21(DE3) cells (Novagen, Darmstadt, Germany) for protein expression. Transformed cells were grown for 3 h at 37°C in modified terrific broth medium (12 g tryptone, 24 g yeast extract and 40 mL glycerol per liter culture) supplemented with M9 minimal medium components (0.5 g of NaCl, 3.3 g of KH 2 PO 4 , 16.6 g of Na 2 HPO 4 × 12H 2 O, 1 g of NH 4 Cl, 1 mL of 1 M MgSO 4 , 1 mL of 0.1 M CaCl 2 and 0.2% glucose per liter culture), 0.4% casamino Table I . Dissociation constants K Di for binding of L-fucose to GII.10 and GII.4 VLPs and P-dimers acids and 100 µg/mL ampicillin. Overexpression was induced with 1 mM isopropylthiogalactoside at OD 600 between 1.2 and 1.5, and the incubation was continued at 17°C for 44-48 h. To maintain the antibiotic pressure constant, 100 µg/mL ampicillin were added after the first 24 h. Cells were harvested by centrifugation at 9000 g for 15 min and the bacterial pellet was resuspended in 25 mM phosphate buffered saline (PBS) buffer with 0.15 mM NaCl (pH 7.4). To the suspension 4 µL of 1 mg/mL Aprotinin and Leupeptin solutions (Roth), 25 µL of a 10 mg/mL chicken egg white lysozyme solution (Novagen) and 0.1 µL of a 25 U/µL benzonase solution (Novagen) per gram of wet pellet were added, the suspension was incubated for 30 min at 4°C and passed twice through a French Pressure cell at 14,000 psi followed by an ultracentrifugation at 125,000 g for 1 h. The protein was then purified as previously reported (Hansman et al. 2011) . P domains were concentrated to 1.5 mg/mL and stored in 25 mM Tris-HCl, pH 7.4 and 0.3 M NaCl buffer at 4°C. Average yield: 70 mg GII.10 Vietnam026 P-dimers per liter culture.
Human Noroviurs VLPs
Samples of GII.10 Vietnam026 (Hansman et al. 2004 ) and GII.4 Ast6139 (Zhao et al. 2003; Pengelley et al. 2006 ) human norovirus VLPs used in this study were previously prepared. The GII.4 sample had already been subjected to binding studies using α-L-methyl fucopyranoside as ligand (Fiege et al. 2012 ). Both samples had been stored at 4°C. The integrity of the preparations was controlled by EM (see below). The GII.10 sample had been stored for~2 years ago and the GII.4 for~4 years. The GII.10 sample had been kept in the absence of any HBGA ligands whereas the GII.4 sample had been stored in the presence of 1 mM methyl α-L-fucopyranoside.
Quality Control by EM VLP integrity was checked by EM as described in the following (Supplementary data, Figure S1 ). The VLP sample concentration was adjusted to 0.33 mg/mL in PBS buffer (pH 7.4). Formvarcarbon coated copper grids (Plano GmbH, Wetzlar, Germany) were treated by glow discharge (Edwards Auto 306, Edwards, Edwards, Knutsford, UK) before sample addition. Of note, 5 µL of each sample were applied to grids, incubated for 30 s and aspirated afterwards. The grids were washed 3× with H 2 O and then stained with 2% (m/v) uranylacetate in water (Merck) for 30 s. After staining the grids were washed 3× with H 2 O to remove excess uranylacetate. Samples were analyzed using a Jeol 1011 (Jeol) with iTEM 5.0 software (Olympus). The negative stains show homogeneously assembled particles in both cases. GII.4 Ast6139 particles appeared as small-size (T = 1) particles, while the GII.10 were native-size (T = 3) particles. We ascribe the differences in the appearance of the negative stains to the presence (GII.4) vs. the absence (GII.10) of methyl α-L-fucopyranoside under storage conditions.
NMR sample preparations
GII.10 Vietnam026 P-dimers Samples were prepared in 25 mM Tris-d 11 -HCl pH 7.4 containing 0.3 M NaCl and 100 µM TSP-d4 as internal reference in D 2 O. Methyl β-L-fucopyranoside and citrate were titrated to a sample containing 15 µM Vietnam026 P-dimers, keeping the protein concentration and the pH constant during the whole titration. For methyl β-L-fucopyranoside, direct saturation of the ligand was observed over 20 mM ligand concentrations. For sodium citrate no direct irradiation was observed. A total of 10-13 data points were acquired for methyl β-Lfucopyranoside and sodium citrate, respectively. 
NMR experiments
NMR spectra were recorded on a Bruker AV III 500 MHz NMR spectrometer equipped with a TCI cryogenic probe. For STD NMR experiments, a train of 50 ms Gaussian-shaped radio frequency pulses with a field strength of 105 Hz separated by 1 ms for a total duration of 2 s was used during protein irradiation. The water signal was suppressed using an excitation sculpting sequence with gradients. The acquisition time was set at 2.34 s. Spectra were recorded at 282 K and analyzed using Topspin 3.1.
Settings for STD NMR Experiments with P-dimers
An additional relaxation delay of 6 s was introduced at the beginning of the pulse sequence, resulting in a total delay between two on-resonance scans of 14.68 s. Unwanted protein signals were suppressed via a 30-ms spinlock filter. On-and off-resonances were placed at −4 and 200 ppm, respectively. The number of scans was ranging from 1028 for the first titration step (300 µM ligand concentration) to 80 for the last step.
Settings for STD NMR Experiments with VLPs
Due to the low transverse relaxation times exhibited by VLPs no protein signal was observed, making spinlock unnecessary. To ensure >92% relaxation of the protons in the binding site and thus reduce errors during epitope mapping and K D calculations, a 25 s delay was introduced, resulting in a total delay between two on-resonance scans of 33.68 s. On-and off-resonances were placed at −4 and 300 ppm, respectively. The number of scans was ranging from 2304 for the first titration step (19-50 µM ligand concentration) to 16 for the last steps.
Binding models based on an extended Hill equation Figure 1 of the Results and Discussion section) by visual inspection. In the case of the VLPs due to small STD AF differences for the three first binding steps, 95% prediction bands were calculated. They clearly unravel the presence of three steps in the binding curves, which cannot be explained by uncertainty in the measurements (Supplementary data, Figure S2 ). 
Correction of free ligand concentrations
Non-linear least-squares fitting
The STD enhancements were expressed as the STD AF, described by Eq. (2) 
Supplementary data
Supplementary data for this article are available online at http://glycob. oxfordjournals.org/.
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